ABSTRACT
INTRODUCTION
In heart muscle cells, excitation-contraction (EC) coupling is a cascade of Ca 2+ -mediated intracellular signal transduction that links membrane depolarization to activation of cell contraction. Its pivotal first step involves crosstalk between two types of Ca 2+ channels, the voltage- perated L-type Ca 2+ channels (LCCs) ( 1) in the sarcolemma and the Ca 2+ release channels/type 2 ryanodine receptors (RyRs) (2, 3) in the sarcoplasmic reticulum (SR). The LCC-to-RyR communication relies on the incoming Ca 2+ as the second messenger to activate the RyRs via the Ca 2+ -induced Ca 2+ release (CICR) mechanism ( 4, 5) . Simultaneously simple and enigmatic, CICR has attracted much attention over the last decade, calling for elucidation of its reliability, controllability, and stability. Many advances, including the conception of local control of CICR (6, 7) , the discovery of tale-telling microscopic Ca 2+ events, namely "Ca 2+ sparks" (8) , "Ca 2+ sparklets" (9) and "Ca 2+ spikes" (10) , as well as the ongoing quest for the mechanism that terminates CICR (11) (12) (13) (14) , have greatly deepened our understanding of this core Ca 2+ signaling mechanism at the molecular level. This brief review focuses on mechanistic aspects of intermolecular signaling between LCCs and RyRs, to provide a microscopic view of EC coupling. Comprehensive overview of related topics can be found elsewhere (15) (16) (17) (18) and in companion articles in this issue of Frontiers in Bioscience.
LOCAL CONTROL OF CICR
The phenomenon of CICR was initially demonstrated in skinned skeletal muscle fibers (19, 20) and cardiac Purkinje cells ( 4, 5) . The photolytic Ca 2+ suffices to activate the SR Ca 2+ release, in a similarly graded fashion ( 7, 21) . During normal EC coupling, however, LCC current (I Ca,L ) serves as the physiological trigger of CICR. Several salient features of the I Ca,Lelicited SR Ca 2+ release have been identified by independent laboratories. These include a bell-shaped voltage dependence that reminisces that for I Ca,L (22-27), a high-gain amplification (~10-20 at 0 mV) ( 26, 27) , a voltage-dependent reduction of the "gain" function (26, 27) (Figure 1) , and a variable endurance of the release that is controlled by the duration of I Ca,L (22).
To explain properties of the I Ca,L -elicited CICR, a parsimonious model implies that Ca 2+ entry as I Ca,L raises uniformly the cytosolic Ca 2+ and thereby affects all RyRs equally. However, Stern proved mathematically that such a "common pool" model in the high-gain zone is inherently unstable, resulting in nearly all-or-nothing behavior (6) . Indeed, Niggli and Lederer found that it is rather inefficient for photoreleased Ca 2+ (i.e. common pool Ca
2+
) to trigger SR Ca 2+ release as compared to the I Ca,L ( 7) . These experimental and theoretical reasoning have led to the proposal that RyRs are instead under tight local control by LCCs ( 6, 7) . Specifically, co-localization of RyRs and LCCs (28) ("kiss" model) or a group of RyRs ("cluster bomb" model) (6) , and individual units operate independently, by virtue of spatial separation and of sheer Ca 2+ gradients from a point source (29) . As a result, a high-gain amplification (reliability) can be achieved without jeopardizing the stability and controllability of CICR. This model also explains why an early interruption of I Ca,L abbreviates the SR Ca 2+ release (22).
To evaluate the competing CICR models, Wier et al (26) (34) (35) (36) (37) (38) . These spontaneous Ca 2+ sparks are independent of LCC Ca 2+ entry (8, 33, 39, 40) , are sensitized by low doses of caffeine and ryanodine, and are inhibited by high doses of caffeine or ryanodine as well as Mg 2+ and tetracaine ( 8, 39 The existence of Ca 2+ sparks immediately told us something that we had not appreciated before. First, SR Ca 2+ release occurs in a stochastic and discrete manner. Mapping the origin of Ca 2+ sparks revealed that sparkgenerating sites, coincident with T-tubules, are separated by ~1.8 in the longitudinal direction and 0.5-1.5 µm in the transverse direction (6, 41, 42, 44) . Genesis of Ca 2+ spark at T-SR junctions during small depolarization has been shown to be governed by Poisson statistics (35) . The concept that CICR is discrete and random is not trivial, because not all properties of a stochastic and discrete system can be described by a deterministic and continual model. From an engineering's standpoint, the discreteness provides a straightforward, yet ingenious, solution to the stability and controllability of CICR: gradedness of CICR can be achieved simply by varying the number of sparks recruited. Izu et al ( 45) has recently noted another intriguing difference between the two classes of models with respect to Ca 2+ wave initiation and propagation.
Second, the rate of occurrence of spontaneous sparks suggests that RyRs in situ are surprisingly insensitive to Ca
, validating an important premise of the local control theory. Out of ~10 6 RyRs exposed to ~100 nM resting Ca 2+ in a typical myocyte, approximately 100 Ca 2+ sparks ignite every second (8) . This translates into an open frequency of 0.0001 s -1 or a mean close time of 10,000 s for RyRs in cells, differing by orders of magnitude from those in the planar lipid bilayer (46, 47) . The low excitability of RyRs in milieu of intact cells should help to confine CICR both in space and time.
Once activated, Ca 2+ sparks evolve autonomously and reach the peak in ~10 ms, regardless of the turn-off of trigger Ca 2+ (35) . The brevity of Ca 2+ sparks is unexpected, and indicates that regenerative CICR within a sparkgenerating unit must be somehow terminated promptly (see below). Together, the spontaneous termination, the spatial confinement of Ca 2+ sparks, and the low Ca 2+ sensitivity of RyRs provide important bases for the local control theory.
Because of their intracellular location, RyRs in intact cells have thus far defied direct electrophysiological measurement. Confocal imaging of Ca 2+ sparks has provided a novel and powerful means by which RyR activity in situ can be observed non-invasively, on the smallest physiological scale. To date, Ca 2+ sparks are shown to be present in all types of muscles (8, (48) (49) (50) (Figure 3 ). The onset and offset of a Ca 2+ sparklet follow closely the open and closure of the channel; the fluorescent "signal mass" of Ca 2+ sparklets linearly correlates with the integral of the corresponding i Ca (8,000 to 100,000 Ca 2+ ions) ( Figure 3 ). Thus, in addition to Ca 2+ sparks, Ca 2+ sparklets afford another tool for investigation of microscopic properties of LCC-to-RyR coupling. In circumstances when it is impossible to record i Ca electrophysiologically, Ca 2+ sparklets as an optical readout of i Ca can be exploited to monitor gating of single LCCs ( 9) . Moreover, Ca 2+ sparklets produced by a known size of i Ca may serve as an optical standard to calibrate Ca 2+ release flux underlying a spark (9) . This calibration is basically model-independent and parameter-free, because sparklets and sparks share the common microenvironments with respect to indicator binding, Ca 2+ buffering and diffusion.
TRIGGERING Ca 2+ SPARKS BY SINGLE LCC EXCITATION
The ultimate test for the local control theory would be the demonstration that single LCC excitation triggers discrete SR Ca 2+ release events, or Ca 2+ sparks. Two independent groups provided the first supporting evidence. Cannell et al ( 35) noticed that the voltagedependence of Ca 2+ spark activation (P s ) is proportional to To directly demonstrate that a single opening of an LCC triggers a Ca 2+ spark, it is crucial to record i Ca and its triggered spark simultaneously. Ever since the first recording of evoked Ca 2+ sparks, this has been a formidable task attempted by many laboratories ( 9, 59) . With the development of a novel method to combine G Ω-seal single-channel patch clamp and confocal spark detection in our laboratory, we visualized Ca 2+ sparks activated beneath the patch membrane by single LCC openings (9) (Figure 4) . Further, to avoid the "Ω"-shaped membrane deformation associated with GΩ-seal patch clamping, which disrupts the delicate LCC-to-RyR coupling on most occasions (9), we adopted the so-called loose-seal patch-clamp technique (9) ( Figure 5 ). In the presence of FPL64176, both high-and low-amplitude local Ca 2+ events are evoked in loose patches responding to depolarization to ~ 0 mV. The lowamplitude events are ryanodine-resistant, representing Ca These results not only validate a prescient prediction by Stern (6) , but also provide the first real-time recording of Ca 2+ signal transduction at the single-molecule resolution.
FIDELITY, KINETICS AND STOICHIOMETRY OF LCC-TO-RyR COUPLING
With the advances in ultrastructural and functional studies, a microscopic view of cardiac EC coupling emerges. Dozens of LCCs, up to a few hundreds of RyRs, along with their accessory and regulatory proteins, co-localize to dyadic junctions where the surface membrane and transverse tubules come within 15 nm of the SR membrane ( 28, 60) . A structural, functional and regulatory unit of EC coupling, or a "couplon" ( 61) , encompasses the two membrane systems, the junctional cleft, and the molecules wherein. LCCs open and close stochastically upon depolarization, delivering a train of trigger Ca 2+ pulses or Ca 2+ sparklets, to the RyRs in the abutting SR terminal cisternae. Stochastic activation of RyRs discharges Ca 2+ sparks from different couplons, which summate into global Ca 2+ transients. Hence, from a reductionism's perspective, to understand the EC coupling and its physiological regulation is, in essence, to unravel the secrets concealed within the nanoscale couplon.
The ability to observe Ca 2+ sparklets directly igniting Ca 2+ sparks ( Figure 5 ) permitted us to determine the kinetics of LCC-to-RyR communication. By measuring the temporal length from the onset of a sparklet to the onset of its triggered spark, we obtained the latency of LCC-toRyR coupling in intact cells at ~0 mV in the presence of FPL64176 and high external Ca 2+ .
Its histogram distribution is well described by a single-exponential function, with a time constant of 6.7 ms ( 9) (Figure 5 ). Because of stochastic variations of both LCC open time and spark activation, not every LCC opening is expected to trigger a Ca 2+ spark. The LCC-to-RyR coupling fidelity (δ), i.e., the fraction of LCC openings that successfully trigger sparks, was determined to be δ . 0.7 under our experimental conditions (9).
For EC coupling under normal conditions, a δ value of 0.02 has been estimated based on macroscopic gain function and microscopic properties of i Ca (62) . In other words, on average, one out of ~50 LCC openings at 0 mV triggers a Ca 2+ spark under normal conditions. This is in general agreement with the results of single RyRs reconstituted in planar lipid bilayers, where photoreleased Ca 2+ of 9 µM and 0.1-0.4 ms activates the channel with δ . 0.06 (63) . Despite the low coupling fidelity, a high-gain amplification is realized because of the large single-channel flux and long open time of RyRs, and likely, multi-RyR activation in a spark (see below).
NONLINEAR Ca

2+ -DEPENDENCE OF Ca
2+
SPARK ACTIVATION
The efficacy of I Ca,L as the trigger of SR Ca 2+ release or the "gain" function is a tale-telling quantity of EC coupling, and has been measured in different experimental settings. Under whole-cell voltage-clamp conditions, the "gain" is usually defined as the ratio between peak SR Ca 2+ release flux (J SR ) and peak I Ca,L , where the J SR is derived from global Ca 2+ transients with the aid of mathematical modeling ( 26, 64) , or directly measured using a combination of a fast, low-affinity Ca 2+ indicator (such as Oregon green BAPTA 5N) and a slow, high-affinity nonfluorescent Ca 2+ chelator (such as EGTA) (10, 27) . When solitary, evoked Ca 2+ sparks can be counted (e.g., in the presence of LCC antagonist), the gain function can also be defined as the ratio between P s and I Ca,L (65) . All measurements indicate that the gain function decays with increasing voltage. Importantly, Santana et al (65) (46, 47) or Ca 2+ pulses (63) , indicating that it is likely an intrinsic property of the RyR.
The high cooperativity for Ca 2+ -dependent activation appears to be one of the most important features of cardiac EC coupling. Owing to the steep power relationship, RyRs, which are essentially insensitive to resting Ca 2+ (0.1 µM), can robustly respond to i Caproduced local Ca 2+ pulses (several tens µM) (66) . It also confers the ability for RyRs to discriminate local trigger Ca 2+ against spatially averaged Ca 2+ ( µM) during an ongoing Ca 2+ transient.
HOW MANY RyRs ACTIVATED IN A SPARK?
The exact Nature of Ca 2+ sparks remains elusive. Initial evidence was ambivalent as to single-or multichannel origin of Ca 2+ sparks (8) . Evidence in favor of single-channel origin of sparks has been twofold. First, low concentration of ryanodine (8) or FK506 (13,14) favor the appearance of long-lasting sparks with halved amplitude, akin to subconductance states of RyR in planar lipid bilayer in the presence of the channel ligand. This interpretation is now known to be flawed because plateau amplitude at 50% height implies a Ca 2+ flux several times smaller than that generating the peak (67 While virtually all numerical models using 1-3 pA i spark can reproduce amplitude and temporal characteristics of sparks, the predicted width (1-µm) is only about half of the value observed experimentally (2-µm) (73) (74) (75) . On one extreme, Izu et al (76) proposed that 10-20-pA i spark is required to resolve the "spark-width paradox" (74) . This large i spark would place the number of RyRs in a spark in the neighborhood of 20-40. Unfortunately, this prediction is somewhat compromised because model construction assumed properties of cytosolic Ca 2+ buffering and diffusion that are not well known presently.
Much work has focused on spark amplitude as an index of RyR open time and of total Ca
2+ discharged in a spark. Theory ( 77, 78) and numerical analysis ( 73, 74) predicted that apparent Ca 2+ spark amplitudes recorded by confocal microscopy should always display a monotonic decaying distribution, regardless of their true amplitude distribution. Experimental measurements with the aid of an automated detection algorithm ( 77) have confirmed it. However, Ca 2+ sparks evoked at fixed positions (79) or occurring spontaneously at hyperactive sites ( 80) demonstrated rather stereotyped amplitude. Most recently, we have shown that Ca 2+ sparks evoked beneath the patch membrane, free of out-of-focus blurring, exhibit a broad modal amplitude distribution (9) . The modality of the spark amplitude distribution was initially interpreted to reflect a multi-RyR origin of sparks, for single channels are expected to have exponentially-distributed open time, and so are the amplitudes of sparks of single-RyR origin (79) . Alternatively, the modality could be a manifestation of irreversible gating of a single RyR (78,81) (see below).
Taken together, increasing evidence strongly suggests that sparks originate from multiple, instead of single, RyRs; but no study is conclusive as to the exact number of RyRs involved. Interestingly, even for the wildest estimate, RyRs in a spark encompass only a minor fraction of total RyRs in a couplon (100-200 in rat and mouse) ( 28) . So, an outstanding question is why the opening of a few RyRs in a couplon does not fire all RyRs therein?
This observation perhaps calls for new, nanoscopic "local control" models to address the moleculeto-molecule crosstalk in a couplon.
THERMODYNAMICALLY IRREVERSIBLE GATING OF RyRs IN VIVO
For a single or a group of Markov channels gating reversibly, distributions of open and closed times should be the sum of positively weighted decaying exponentials. Violation of this microscopic reversibility has been demonstrated previously on a number of occasions at the single channel level (82) (83) (84) , and has been attributed to possible channel coupling to external sources of free energy. Like the vast majority of ionic channels, single RyRs in vitro have been described by Markovian models (68, 70, (85) (86) (87) in which transition between discrete conformational states is determined solely by the present state of the channel, independent of history (only beyond 10-20 transitions ( 85)).
When such a channel is unperturbed, i.e., uncoupled from an external source of energy, thermodynamic laws require microscopic reversibility of the channel reaction. This means that, at equilibrium, a cyclic reaction must take place at the same rate in forward and backward directions; the stochastic properties of the channel must show time reversibility; and distributions of statistical quantities, such as open time, closed time, and burst time, must each equal a sum of positively weighted, decaying exponential terms (88) . The same conclusions hold true for a cluster of inter-linked channels that are uncoupled to an external energy source, because such cluster as a whole can be treated as a Markovian entity.
The dual role of Ca 2+ as both a permeating ion and a regulator of RyR channel ( 89, 90) creates the intriguing possibility that RyR gating might be coupled to the free energy in Ca 2+ electrochemical gradients across the SR. If this were the case, RyRs in intact cells (or in bilayers under asymmetric Ca 2+ electrochemical potentials) might be expected to gate irreversibly. By measuring release duration of Ca 2+ sparks (as duration of spontaneous Ca 2+ spikes), we found that distribution of the release duration exhibits a prominent mode at around 8 ms (80) . Analysis of the cycle time for repetitive sparks at hyperactive sites revealed a lack of intervals briefer thañ 35 ms and a mode at around 90 ms (80). These results provide the first clue that Ca 2+ sparks are generated by thermodynamically irreversible stochastic processes. In a sense, a single RyR or, more exactly, a couplon can be considered as the tiniest molecular "clock" that displays somewhat ordered temporal behavior in spite of thermodynamic fluctuations.
Because data from cardiac and skeletal RyRs in planar lipid bilayers with asymmetric cis and trans Ca 2+ were consistent with reversible gating at the single channel level (80, 89, 90) spikes") at individual T-SR junctions, we found that that the tail I Ca,L -elicited Ca 2+ spikes are most likely originated from RyRs unfired during depolarization, rather than from those in the adapted state (11) . Furthermore, increasing the open duration and promoting the reopening of LCCs with FPL64176 does not prolong or trigger secondary Ca 2+ spikes. At 50 ms after a maximal release, a multi-fold increase in i Ca (by hyperpolarization to -120 mV) fails to evoke any additional release, indicating absolute refractoriness of RyRs ( 11) . These results supports the notion that Ca 2+ release is terminated primarily by a strong, local, and use-dependent inactivation of RyRs, and argues against the stochastic closing and adaptation of RyRs as major termination mechanisms of SR Ca 2+ release in intact cardiac myocytes.
LOCAL REFRACTORINESS OF SR CA
2+
RELEASE
Recently, DelPrincipe et al ( 12) reported that, unlike global SR Ca 2+ release in response to homogenous flash, focal photolytic Ca 2+ pulses at 300-ms intervals activate local SR Ca 2+ releases that do not undergo refractoriness whatsoever.
They argued that global refractoriness might be due to SR Ca 2+ depletion, whereas the lack of local SR refractoriness is due to rapid replenishment during local excitation. However, the apparent lack of RyR inactivation in these experiments can be explained by several other possibilities, e.g., recruitment of different RyRs in consecutive pulses, recovery of inactivated RyRs (absolute refractoriness in the Ca 2+ spike experiment was detected within 50 ms (11)), and overload of local SR with the exogenous photolytic Ca 2+ .
Using the loose-seal patch clamping and confocal imaging technique, we have revisited the issue of local SR refractoriness by activating single couplons with single LCC excitation (9) . We found that repetitive Ca 2+ sparklets can trigger more than one Ca 2+ spark during a single voltage step. However, the sparklet-spark coupling fidelity, δ, decreases from 0.7 to 0.3 once a spark has being fired. This observation provides direct evidence that RyRs display use-dependent inactivation at the single couplon level. The robust termination of Ca 2+ sparks and persistent refractoriness add to the repertoire of safekeeping mechanisms that insure the stability and controllability of CICR.
PERSPECTIVE
From the conception of local control of CICR, to the first recording of Ca 2+ sparks, to the demonstration of ignition of Ca 2+ sparks by single LCCs, and to the search for possible termination mechanisms, our understanding of the physiological processes of EC coupling has been greatly advanced since the discovery of CICR. The emergence of a microscopic picture of LCC-to-RyR communication, along with the advent of novel investigative tools, allows one to define normal, altered and dysfunctional EC coupling with unprecedented accuracy. As the frontier expands, many challenging questions remain open. The following presents our perspective of the six most enigmatic issues in this field. ( 89, 90) . Future experiments are warranted to determine the condition, extent and physiological relevance of allosteric modulation of the RyR by SR lumenal Ca 2+ .
Role of SR lumenal
Nature of SR Refractoriness
While use-dependent inactivation of RyRs has been established at the cellular (11, 12, 41) , T-SR junctional (11) , and single-couplon (9) levels, it is unclear whether it is a manifestation of Ca 2+ -dependent negative feedback control mechanism, or a fateful consequence of channel activation per se. Moreover, lumenal Ca 2+ might play a role if a partial depletion affects RyR sensitivity to cytosolic Ca 2+ .
Intermolecular communication in a couplon
This utterly important yet difficult issue is yet to be approached. How many RyRs crosstalk to a given LCC, and how many LCCs to a given RyR? Do a single LCC communicate privately to its nearest neighbors, or promiscuously to all RyRs in a couplon? Do RyRs communicate via CICR, or be coupled mechanically by FK506 binding proteins (FKBP) ( 97) , or both? If a mechanical coupling is engaged, is it rigid or dynamic in Nature? It is imperative to explain what prevents the entire couplon encompassing ~150 RyRs from firing all at once in a spark.
Gating scheme for RyRs in vivo
For various gating schemes derived from in vitro experiments, none could reproduce essential features of cardiac EC coupling when implanted into a stochastic couplon model of EC coupling ( 61) . Future research should aim also at elucidating the physiologically relevant gating scheme of the channel. At present, we have only a glimpse of some key features involved: a rapid, highly cooperative Ca 2+ -dependent activation; a profound, and enduring inactivation; and a mechanism that produces preferred active time of the couplon. It should also be emphasized that the collective behavior of a group of RyRs may differ quantitatively and qualitatively from a RyR acting solo (61,80).
Regulatory role of signaling molecules complexed with RyRs
Gating of RyRs in intact cells could be even more complex than we thought, for the native channel protein is associated with numerous other proteins, such as calmodulin ( 98) , protein kinases (protein kinase A, calmodulin kinase II) and phosphatases (PP1 and PP2a) (99) to form a macromolecular signaling complex. In addition, accessory proteins including FKBP and sorcin may also play functional roles (13, 14, 100, 101) . Critical examination of the involvement of these possible regulatory mechanisms in activation, termination and refractoriness of Ca 2+ sparks calls for future studies.
Molecular definition of altered or dysfunctional EC coupling
Recent advances have provided an array of novel concepts and microscopic readouts of EC coupling to better define altered or dysfunctional states of EC coupling, as in diseased hearts, in the physiological process of cardiac senescence, or in genetically engineered hearts. For apparently similar phenotypes at the cellular level (I Ca,L , J SR , global Ca 2+ transients, SR Ca 2+ load, and "gain" function), the underlying microscopic mechanisms may differ (i Ca and sparklets; amplitude, duration and width of Ca 2+ sparks; temporal synchrony of Ca 2+ spikes; fidelity and latency of sparklet-to-spark coupling). Insights gained from these studies will certainly enhance our understanding how the heart works in health and in disease. 
